Fluctuations in the extragalactic background light trace emission from the history of galaxy formation, including the emission from the earliest sources from the epoch of reionization. A number of recent near-infrared measurements show excess spatial power at large angular scales inconsistent with models of z < 5 emission from galaxies. These measurements have been interpreted as arising from either redshifted stellar and quasar emission from the epoch of reionization, or the combined intra-halo light from stars thrown out of galaxies during merging activity at lower redshifts. Though astrophysically distinct, both interpretations arise from faint, low surface brightness source populations that are difficult to detect except by statistical approaches using careful observations with suitable instruments. The key to determining the source of these background anisotropies will be wide-field imaging measurements spanning multiple bands from the optical to the near-infrared.
The Cosmic Infrared Background ExpeRiment 2 (CIBER-2) will measure spatial anisotropies in the extragalactic infrared background caused by cosmological structure using six broad spectral bands. The experiment uses three 2048 x 2048 Hawaii-2RG near-infrared arrays in three cameras coupled to a single 28.5 cm telescope housed in a reusable sounding rocket-borne payload. A small portion of each array will also be combined with a linear-variable filter to make absolute measurements of the spectrum of the extragalactic background with high spatial resolution for deep subtraction of Galactic starlight. The large field of view and multiple spectral bands make CIBER-2 unique in its sensitivity to fluctuations predicted by models of lower limits on the luminosity of the first stars and galaxies and in its ability to distinguish between primordial and foreground anisotropies. In this paper the scientific motivation for CIBER-2 and details of its first flight instrumentation will be discussed, including detailed designs of the mechanical, cryogenic, and electrical systems. Plans for the future will also be presented.
INTRODUCTION
The near-infrared extragalactic background light (EBL) is composed of all photons emitted from stars throughout cosmic history 1 . The rest-frame optical and ultra-violet radiation from early objects, emitted during reionization of the universe (z > 7), has a unique spectral feature that is potentially observable in the near-infrared EBL today 2 . Prior to reionization, the universe was filled with neutral hydrogen that absorbed photons at wavelengths above the Lyman-alpha cutoff of 0.1216 µm. This suggests that the radiation from early galaxies responsible for reionization can be identified by a characteristic spectral feature where a signal is present at wavelengths longer than the Lyman limit and absent at shorter wavelengths. Assuming reionization occurred prior to z ∼ 7 3 , the this feature is observable today at wavelengths longer than 0.9 µm.
Direct observation of the mean intensity of the near-infrared EBL with absolute photometry has proven challenging due to bright foregrounds, especially Zodiacal Light reflected off dust particles in our solar system 1 , so searching for this feature in an absolute measurement would be extremely challenging. Spatial fluctuation measurements are able to discriminate EBL signals from foregrounds by taking advantage of the differing spatial structure of the reionization signal and the foregrounds 1, 4-6 .
Recent spatial fluctuation observations report levels far in excess of the level predicted by local (z < 5) galaxy counts 1, 7-9 . Early galaxies must contribute to this excess to some extent. In addition to early galaxies, EBL fluctuations can also arise from intrahalo light (IHL) 9 generated by diffusely distributed stars expelled from galaxies during structure formation at 0 < z < 2. Emission from IHL is expected to have a spectral shape that peaks near 1.5 µm and slowly decreases, in contrast to the sharp cutoff expected in the spectral features of early galaxies. Spectral decomposition between multiple wavelength bands is key to differentiating between these contributions to large scale EBL fluctuations.
An instrument designed to observe spatial fluctuations in the near-infrared EBL and separate out contributing components should include the design features included in Table 1 . The Cosmic Infrared Background ExpeR- 
Science Driver
Design Feature Separation of local astrophysical foregrounds. Spatial fluctuations measurements at degree angular scales, observed above the atmosphere. Masking foreground galaxies. 4 x 4 pixel size, so that the image of galaxies is small compared to a pixel. Component separation.
Simultaneous multi-band observations spanning the optical and near-infrared. Comparison to previous datasets.
Observational fields selected to overlap with previous measurements.
iment 2 (CIBER-2) is a wide field, degree-scale camera in a sounding rocket payload specifically designed for EBL spatial fluctuations measurements in six near-infrared and optical wavelength bands. In a short sounding rocket flight, CIBER-2 has sufficient sensitivity to probe to the faint signal level predicted for galaxies from the epoch of reionization, as shown in Figure 1 . This paper presents the design of the CIBER-2 hardware and plans for CIBER-2 flights.
THE CIBER-2 PAYLOAD
CIBER-2 consists of a Cassegrain telescope assembly, imaging optics, and cryogenics mounted aboard a sounding rocket. Two dichroic beam-splitters spectrally subdivide the incident radiation into three optical paths, which are further subdivided in two wavelength bands per path, for a total of six observational wavelength bands. These systems are shown in Figure 2 and described in detail below. 
Sounding Rocket Constraints
The CIBER-2 sounding rocket has a fixed outer diameter of 17.26" within which the instrument payload must fit 11 . The telescope assembly and imaging optics are housed in an evacuated segment of the rocket, and are cooled to ∼80K by an on-board liquid nitrogen reservoir. This payload section is capped at the aft end of the rocket, toward the motors, by a door that opens to the telescope aperture.
Telescope Assembly
The CIBER-2 Cassegrain telescope has a 28.5 cm primary mirror and 14 cm secondary mirror. The primary mirror is attached to a support plate with flexures. The secondary mirror is held up by a support spider that mounts to the support plate. A cylindrical optical baffle that provides both structural support and light blocking is also attached to the support plate. Titanium flexures fix the optical baffle to a mounting ring that is attached directly to the rocket skin. These flexures relieve mechanical stress and provide a thermal break between the rocket skin and the telescope assembly.
Imaging Optics
The imaging optics are mounted to an optical bench that connects the primary mirror support plate and the cryogenic tank. Light from the secondary mirror passes through the Cassegrain hole to the imaging optics section, where it is focused by a field lens. Next, two beam splitters direct the incoming light into three paths, each with a 2048 x 2048 HAWAII-2RG detector array. Additional filtering splits the light into two wavelength bands per detector array, resulting in a total of six distinct wavelength bands spanning the range of 0.5 < λ < 2.0µm. Each of the three light paths is very similar, consisting of a beam splitter, bend mirror(s), a collimator lens, a band pass filter, a camera lens, and a focal plane assembly that contains a detector array. components are supported by flexures or spring retainers to handle the thermal compression stress in cooling and to maintain optical alignment against vibration and shock during launch. Table 2 lists the optical parameters of the telescope, along with sensitivities and spectral band information. Sensitivities in Table 2 assume a diffuse sky brightness 1.5 times the brightness observed by DIRBE at the north ecliptic pole 12 , include all detector and photon noise contributions assuming line fitting to constant radiance array reads, and allocate 35 seconds per integration, times two roll angles, for a total integration time of 70 seconds per field. We compute sensitivities using a model for the instrument 13 ,
where νI ν is the sky brightness, δi total is the quadrature sum of the photon noise and read noise, hν is the average energy per photon, ∆λ λ is the fractional bandwidth, AΩ is the observing area, and η is the total optical and quantum efficiency of the instrument.
Focal plane assemblies provide housing for the detector arrays, band defining filters, and a circuit board for the first stage of detector readout, as shown in Figure 4 . The detector arrays are thermally stood off from the optical assembly by a Molybdenum support structure, limiting the rate of temperature change below 2K/min during cooling and allowing for the inclusion of a thermal regulation feedback system to stabilize the focal plane temperature during flight. The thermal stabilization system consists of a heating resistor and thermometer mounted to the focal plane, with the amount of power dissipated by the heater controlled by a proportionalintegral-derivative (PID) loop. A filter assembly is mounted to the Molybdenum support structure, suspending a set of band defining filters and a linear-variable filter (LVF) above the detector array. Band defining filters divide the incoming beam into two wavelength bands for imaging. A linear-variable filter covers a small area of each detector array for absolute spectrophotometeric measurements, co-located with a subset of dark pixels for dark current reference measurements. The detector array and filter assembly are encased in an aluminum assembly. This assembly also houses a focal plane board for read out of the detector electronics. For calibration purposes, the payload also contains a cold shutter and calibration lamps. The cold shutter is mounted to the forward face of the primary mirror support plate. It allows for measurement of the dark current before and during flight. The calibration lamps are housed within an assembly attached to the optical bench. An optical fiber carries the light from the calibration lamp assembly to a mounting point near the center of the secondary mirror. These are used to illuminate the light path with a known, fixed brightness for reference observational frames used to track the relative gain of individual detectors.
Cryogenics
The CIBER-2 cryogenic system is a duplicate of the successful cryogenic system used in CIBER-1 14 . This system consists of a 7 liter liquid nitrogen vessel filled with an open-cell aluminum foam that ensures thermal contact between liquid and and metal in zero-gravity conditions. The optical bench supporting the imaging optics are mounted directly to the cryostat. G-10 plates mount the cryostat to the thermal vacuum bulkhead that marks the forward boundary of the vacuum payload. This bulkhead has hermetic connections for cabling to travel from the vacuum payload section to the warm electronics section, where the electronics described in Section 3 are located.
Radiative Shielding
The telescope assembly, imaging optics, and cryogenic system are enclosed in a radiation shield made of Aluminum 1100, mounted to the cryostat for cooling. The radiation shield buffers the cryogenically cooled instruments from radiation from the skin. The radiation shield is wrapped in a Mylar blanket to further reduce the radiative load. A pop-up baffle provides additional shielding from stray light from the rocket skin and shutter door. This pop-up baffle is stowed inside the telescope assembly upon ascent and descent, and deployed to extend beyond the lip of the skin during observations. The shutter door has additional blackened baffling covers that are stood off from the door itself with Vespel posts.
DETECTORS AND ELECTRONICS
The CIBER-2 electronics chain carries signals between the detectors, the experiment housekeeping, and the rocket telemetry system. It is made up of the circuit boards located near the detectors in the focal plane assemblies described in Section 2.3 and three other board types located in the star tracker section of the rocket, forward of the experiment section: data acquisition boards, array processing and housekeeping boards, and data storage boards.
CIBER-2 has three 2048 x 2048 HAWAII-2RG (H2RG) detector arrays, which are second-generation commercial HgCdTe near-IR detectors manufactured by Teledyne Scientific and Imaging Corporation. Each detector is biased and read out by custom electronics on the focal plane boards. The 2048 columns of the detector array are divided into 32 channels, which are read out in "slow" mode to reduce readout time and noise. As the pixel voltages have a large offset, an external reference voltage close to the average pixel voltage is used to remove the offset. A reference pixel row will be read out periodically during the full detector array readout, providing a method of 1/f noise mitigation 15 .
Two data acquisition boards per detector array digitize the read out voltages. Each data acquisition board handles 20 channels; 16 channels for detector output and 4 channels for associated housekeeping output. The signals from both data acquisition boards are passed to a single array processing and housekeeping board, which temporarily stores the data locally before passing it to the data storage board for permanent storage. The array processing and housekeeping boards also perform clocking and command functions for the detector array, pass housekeeping and status data to a NASA telemetry system, and respond to signals from external NASA systems.
The data rate required for three detectors exceeds the capabilities of the NASA ground telemetry systems. Instead of transmitting all data and housekeeping down to the ground station, CIBER-2 stores flight data onboard and transmits only a small fraction for diagnostic purposes. Solid-state storage is required to withstand the physical environment experienced in flight. Each detector array requires one data storage board with two 128 GB flash memory chips. This data storage board receives the digitized detector array output data from the array processing and housekeeping board and stores a primary and backup copy on each of the flash memory chips. Housekeeping data and a single channel of flight data are transmitted via rocket telemetry systems to the ground station. Raw rocket telemetry received by the ground system is forwarded to custom ground station elections (GSE) which displays the data in real time. The GSE system is also used during testing.
ROCKET PAYLOAD
The NASA Sounding Rocket Program is described in Reference 11. The Sounding Rocket program provides standardized systems for launch, payload separation, active pointing during flight, real time telemetry, and parachute recovery. CIBER-2 is designed to launch on the Black Brant IX vehicle system, consisting of a Mark 70 Terrier booster stage and a Black Brant sustainer. These motors make up the aft end of the rocket. Moving forward, the entire rocket consists of a payload separation system, the CIBER-2 experiment (Sections 2.2-2.5), a star tracker section that contains the CIBER-2 warm electronics (Section 3), a telemetry section, an active guidance system, an attitude control system, and finally the ogive recovery system. The CIBER-2 launch sequence closely follows the launch sequence of CIBER-1 flights 1 through 3 14 . The Mark 70 Terrier rocket motor burns for approximately 6 seconds for launch. This segment has guide fins that cause the rocket to spin at a rate of approximately 4 Hz, providing thrust axis stability. Once burn is complete, the motor is separated from the rest of the rocket by drag. The second stage burns for approximately 30 seconds then is ejected from the remaining rocket sections by the payload separation section. Next, cables with weighted ends are released from the payload section to reduce the spin rate of the rocket to a rate of approximately 0.5 Hz. Once the lower spin rate is achieved, the cables are released. The telescope aperture opens and observations begin. Upon completion of observations and prior to re-entry, the telescope aperture is closed. Gas expelled from the attitude control system is used to increase the rocket spin rate to approximately 1 Hz. The rocket re-enters the atmosphere and the parachute deploys when the rocket reaches a height of 16,000 feet. The payload has a velocity of approximately 30 ft/s when it collides with the ground. Recovery of the payload begins several hours after completion of flight. Payload recovery is crucial for CIBER-2, as the data collected in flight will be stored on the rocket.
FUTURE PLANS AND SCIENCE EXTRACTION
CIBER-2 plans two flights in the configuration described in this paper. The first flight is planned for 2015 with the second flight to follow six months later. The flights are separated by six months for consistency checks on absolute photometry measurements with the LVF spectrometer, as the Zodiacal foreground is modulated by the Earth's annual path around the sun. Two flights will also allow for cross correlation between CIBER-2 flight data to characterize and eliminate instrumental artifacts. Additional flights are planned with different optical configurations, such as modified wavebands.
CIBER-2 observes five fields during a flight 16 . These fields are chosen to coincide with previous optical and spatial fluctuation observations [7] [8] [9] for cross correlation and point source removal. Additionally, launch windows are defined so that the sun and moon are below the depressed horizon 16 . Typical candidate fields are Bootes, North Ecliptic Pole, Lockman Hole, and ELAIS-N1. CIBER-2 observes each field for 35 seconds at two different roll angles to center each of the wavelength bands on the same sky. Each field thus has a total observation time of 70 seconds per field, used to calculate the sensitivities in Table 2. CIBER-2 data is processed by a custom data analysis pipeline 10, 17 . Raw data retrieved from the rocket payload is a time stream that must be converted into detector array images, calibrated, flat-field corrected, and aligned on the sky. Bright astronomical sources (J-band ∼ 19 AB magnitude) are masked, as are any residual source structure, such as diffraction spikes due to CIBER-2's secondary mirror support structures. The power spectrum of a sky image is then generated. Contributions to the power spectrum from instrumental and photon noise, the beam transfer function, and the effects of mode coupling due to masking of sources are then modeled and quantified. As CIBER-2 observes in six spectral bands, a total of 21 auto-and cross-spectra are available for science analysis. Various contributions to the large scale EBL fluctuations will be identified from spectral decomposition of the auto-and cross-spectra.
